The structures, interaction energies, vibrational analysis, and electronic properties for different urea-hydrogen peroxide (UHP) 1:1 complexes have been studied. Density functional theory (DFT) using the B3LYP hybrid exchange-correlation functional was employed to characterize five new cyclic structures in addition to the experimental one. The basis sets used were Dunning's correlation consistent cc-pVDZ and Pople's 6-31G-(2d,p) ones. Ab initio MP2(full)/6-31G(2d,p)//MP2(full)/6-31G(2d,p) calculations were performed to verify the appropriateness of the DFT methods for hydrogen-bonding systems. The basis set superposition error has been eliminated by using the full counterpoise correction method. The Bader analyses were also applied to investigate the hydrogen-bonding electronic properties.
Introduction
Given the considerable usefulness of hydrogen peroxide in many fields, such as atmospheric chemistry, 1 photodissociation dynamics, [2] [3] [4] [5] [6] and oxidation reactions, 7 and of urea in biological processes because of potential hydrogen-bonding and acidbase properties associated with both the amine and the carbonyl groups, the ureashydrogen peroxide (UHP) 1:1 complex has been widely used in several oxidation processes [8] [9] [10] [11] [12] and also as a safe source to produce hydrogen peroxide. 13 The crystal structure of UHP 1:1 complex was first experimentally investigated by X-ray 14 and later by neutron diffraction at low temperatures. 15, 16 In addition, theoretical research was conducted on several urea complexes (e.g., urea-water, ureahydrogen fluorine complexes, 17 urea dimer, and trimer, 18 and crystalline structure 19 ). We recently published several studies concerning hydrogen peroxide complexes, in which we used the ab initio molecular orbital theory, paying particular attention to the basis set superposition error (BSSE), to the interaction energies of the complexes and to the vibrational spectra on the (H 2 O 2 ) 2 , 20 H 2 O 2 ‚‚‚H 2 O, 21 and H 2 O 2 ‚‚‚XH (X ) F or Cl). 22 Density functional theory (DFT), [23] [24] [25] which has emerged over the past decade as a reliable and versatile computational method, has been successfully used to study physical and chemical properties of molecules. [26] [27] [28] [29] [30] Moreover, its utility was pointed out elsewhere, 31, 32 as in the recent study of hydrogenbonding systems. [33] [34] [35] [36] In the present paper, we expand our studies on hydrogen peroxide to the UHP complexes. The goal of the present work is to characterize the different UHP complexes (to our knowledge, the first theoretical investigation) and to report on the structures, interaction energies, vibrational analysis, and electronic properties of these systems. In addition, we apply DFT methods to assess the capability of reproducing hydrogenbonding systems, and we compare the results to the ab initio MP2(full) calculations and experimental data.
Methods of Calculation
The DFT calculations were carried out with the Gaussian 94 package of programs, 37 using Dunning's correlation consistent cc-pVDZ 38 and Pople's 6-31G(2d,p) [39] [40] [41] basis sets, together with the Becke III-Lee-Yang-Parr (B3LYP) exchangecorrelation functional. 42, 43 MP2(full) all electron calculations were performed with the 6-31G(2d,p) basis. The UHP complexes described were fully optimized at the three levels of theory mentioned, with constrained symmetry (C 2 ) only for the structures 1 and 3. A vibrational analysis was made to check the nature of the stationary points, and no structure 1-6 presented imaginary frequencies (true minima) at the B3LYP level with both basis sets. The BSSE was estimated using the full counterpoise method, 44 as previously described. [20] [21] [22] The Bader analyses were performed with the AIMPAC series of program 45 using the MP2 wave function as input, as described in Atoms in Molecules Theory. 46, 47 The topology of the electronic charge density (F(r)), as pointed out by Bader, 46 is an accurate mapping of a chemical concept of atom, bond and structure. The principal topological properties are summarized in terms of their critical points (CP). 46, 47 The nuclear positions behave topologically as local maxima in F(r), and a bond critical point (BCP) is found between each pair of nuclei, which are considered to be linked by a chemical bond, with two negative curvatures and one positive. Ring CPs are characterized by a single negative curvature. Each (3,-1) CP generates a pair of gradient paths 46 which originate at a CP and terminate at neighboring attractors; this gradient path defines a line through the charge distribution linking the neighboring nucleus and, along this line, F(r) is a maximum with respect to any neighboring line. Such a line is referred to as an atomic interaction line. 46, 47 The presence of an atomic interaction line in such equilibrium geometry satisfies both the necessary and sufficient condition that the atoms be bonded together.
The Laplacian of the electronic charge density (∇ 2 F(r)) determines two extreme situations. The first F is locally concentrated (∇ 2 F(r) < 0) and the second is locally depleted (∇ 2 F(r) > 0). Thus, a value of ∇ 2 F(r) < 0 at a BCP is unambiguously related to a covalent bond, showing that a sharing of charge has taken place. However, in a closed-shell interaction a value of ∇ 2 F(r) > 0 is expected such as found in noble gas repulsive states, in ionic bonds, in hydrogen bonds, and in van der Waals molecules.
Results
The DFT and MP2 calculations performed predicted six stationary points on the potential energy surface (PES) of the UHP 1:1 complex (structures 1-6) (see Figure 1 ). The energies for the different structures obtained at the different levels of theory are depicted in Table 1 . Moreover, the numerical values of the optimized geometrical parameters for the monomers and structures 1-6 at the various levels are available in Tables 2-4 . Structures 1-6 were obtained as true minima, all of them being cyclic with a different number of hydrogen bonds. Accordingly, structures 1 and 3 were cyclic ones, with C 2 symmetry, and 2,4-6, without symmetry (C 1 ). The minimum energy structure on the UHP PES was 5, at both the DFT and MP2 levels. Nevertheless, structure 6 was closer in energy to 5 than to the rest.
Structure 1 was very close to the X-ray experimental data; however, it was the less stable structure. Table 1 also shows the binding energies (corrected and uncorrected for the BSSE) and the dipole moments, at the three levels of theory used.
Discussion
A. Molecular Structure and Hydrogen Bonding. All the structures obtained were cyclic with two (structures 1, 2, 5, and 6), three (structure 4), and four hydrogen bonds (structure 3). The last structure also displayed a cage system.
For the different structures, hydrogen peroxide oxygen, carbonylic oxygen, and amide nitrogen behaved as electron donors, with all the possible hydrogens acting as electron acceptors (see Figure 1) . The optimized geometrical parameters are listed in Tables 2-4 , in which the DFT and MP2 results were compared. As reflected in the different tables, the DFT and MP2 results are very similar and in good agreement with experimental structure 1. Furthermore, the main differences between the experimental UHP complex and structure 1 were due to the planarity of the urea moiety, possibly caused by the packing forces in the solid state. All the structures calculated showed a nonplanar urea moiety, concordant with the possible nonplanar urea structure in gas phase proposed both experimentally 48 and theoretically. 49, 50 For all the structures, the geometrical parameters for the monomers within the complex remained almost unchanged with respect to the hydrogen peroxide and urea isolated monomers values. The main difference between structures 1-6 was the number and type of hydrogen bonds. Consequently, the two most stable structures (5 and 6) both showed an O-H‚‚‚O (carbonylic) hydrogen bond, this type being the most stabilizing one, in agreement with the preferred protonation position in urea. 51 The different geometrical features of the hydrogen bonds for the structures 1-6 are listed in Table 5 . In Figure 1 and Table 5 three different types of hydrogen bonds are identifiable: Hbond1 (the hydrogen peroxide oxygen acts as an electron donor), Hbond2 (the urea nitrogen acts as an electron donor), and Hbond3 (the urea carbonylic oxygen acts as an electron donor).
The behavior of the different hydrogen bonds presented in structures 1-6 was submitted to a topological analysis of the electron charge density F(r) following the Bader's method. From this analysis the different BCP were obtained and characterized with the F(r) and ∇ 2 F(r) values (see Table 5 ).
Structures 5 and 6 (the most stable ones) were monocyclic systems with two hydrogen bonds of types Hbond1 and Hbond3. These systems were stabilized by the Hbond3 in each structure, yielding the largest F(r) values for the critical points of the corresponding hydrogen bonds (0.036 and 0.038). This agrees with the shortest hydrogen-bond lengths (ca. 1.7 Å). Moreover, in both structures, the hydrogen-bond angles for the Hbond3 type were compatible with reasonable standard hydrogen bond angles. The main differences between 5 and 6 concerned the geometry of the two Hbond1 also presented. Whereas, for structure 5 the Hbond1 presented a bond length and angle compatible with a medium-strength hydrogen bond (1.9 Å and 180°), the bond lengths in turn increased as the angles decreased (2.1 Å and 140°), due to the rigidity of the six-membered ring of structure 6 (in which the hydrogen peroxide oxygen acts as electron and proton donor). The F(r) values at the Hbond1 critical points of structure 5, were larger than in 6 (0.024 and 0.019).
Structures 2 and 4 had similar stability at the DFT and MP2 levels, increasing in descending order. Both structures displayed Hbond1 and Hbond2 types. Furthermore, the Hbond2 were second in strength, and their respective bond lengths and angles were ca. 1.9 Å and 145°. On the other hand, the F(r) for the Hbond2 critical points remained within Hbond1 and Hbond3, with values closer to Hbond3.
Structure 3 with two Hbond1 and two Hbond2 was less stable than 2 and 4, due to the large strain of the hydrogen bonds, as observed for the hydrogen bond angles (ca. 130°), producing smaller values of F(r) for the bond critical points.
Structure 1, with only two Hbond1, was the most unstable one and presented standard hydrogen bond geometrical parameters. However, the F(r) for the hydrogen bond critical points became smaller.
Finally, the values for the ∇ 2 F(r) in the different hydrogen bond critical points invariably remained positive, compatible with a closed-shell interaction, and generally consistent with an electrostatic interaction. In addition, the ∇ 2 F(r) values increased with greater hydrogen bond strength, indicating a stronger electrostatic interaction. The cyclic nature of all the structures 1-6 was verified by the existence of only one ring critical point for the structures 1, 2, 5, and 6; two ring critical points for structure 4; and one cage critical point in addition to the corresponding ring critical points for structure 3 (all of these obtained by the topological study of F(r), see Table  5 ). The geometry of the different structures 1-6 (see Tables  2-4 ), indicated that the HP dihedral angle (∠H 1 
in the structures differed substantially, compared to the HP monomer. This can be seen in structure 3, in which both hydrogens from the HP were involved in the hydrogen bond formation, giving extremely small values ca. 100°. However, structure 1, in which both hydrogens from the HP moiety were not involved in hydrogen-bond formation, gave large dihedral angle values ca. 120°. For structures 2 and 4-6, only one hydrogen from the HP moiety was involved in hydrogen-bond formation, giving the HP dihedral a value 
C-O3 intermediate from those presented in the structures 1 and 3 and closer to that of the dihedral angle for the HP monomer. This deviation of the dihedral angle with the monomer was related with the stability of the different structures. Thus, structures 1 and 3, which gave the largest deviations were the least stable ones. Table 1 shows the binding energy (corrected and uncorrected for the BSSE), the BSSE, the relative energy and the dipole moment, at the three levels of theory used.
B. Binding Energy and BSSE
The III-parameter hybrid density functional was chosen as a suitable method to describe different molecular properties, 42, 43 including hydrogen bonding. [33] [34] [35] [36] The basis set chosen was the 6-31G(2d,p), which provided an appropriate description of the hydrogen peroxide geometry, together with the B3LYP functional. 31 Additional calculations with the Dunning's correlation consistent cc-pDVZ basis set were carried out for comparison.
To test the quality of the results, we also performed the MP2-(full) calculations with the former basis.
As shown in Table 1 , the results obtained at the three levels of theory all agree with the resulting structure 5 as the global minimum. Moreover, the stability order for the structures remained exactly equivalent at the three levels used. On the other hand, the least stable structure was 1, related to the experimentally observed one. The difference in energy between the most and least stable structures was about 7.5 kcal mol -1 at the three levels. This energy was easily released from the packing forces, considering the high symmetry, large dipolar moment, and the possibility of two additional strong hydrogen bonds: one from the urea carbonylic oxygen with the hydrogen of the hydrogen peroxide and the other from the neighboring complexes. 16 The study of the binding energy in the intermolecular complexes was affected by the so-called BSSE. This error increased in importance as the quality of the basis set decreased. From our previous studies of the hydrogen peroxide complexes, [20] [21] [22] we concluded that the binding energy using the 6-31G(2d,p) basis has to be corrected for the BSSE, and specially for the electron correlation methods.
The BSSE, for structures 1-6, was estimated with the full counterpoise procedure defined as where E(X) XY and E(X) X represent the energy of X calculated using its geometry within the dimer and the basis functions of X plus Y in the former and those of X alone in the latter. The full counterpoise correction can be taken as an upper bound estimate of the BSSE, and is known to work generally well at the SCF level, except when minimal basis sets were used. 20, 52, 53 We have taken into account that the correction of the BSSE for the interaction energy should be performed at the BSSE corrected equilibrium geometry. This can be easily achieved in systems where only one intermolecular parameter was needed for the definition of the system. 54 However, when there are two or more parameters, and when the relaxation of the monomer was pronounced, it was difficult and expensive to perform that correction. Therefore, only an energy correction at the uncorrected equilibrium geometry has been performed with the calculations presented.
There are conflicting views 55,56 on whether one should implement BSSE correction at the correlated level. The use of the full counterpoise correction method for correlated methods is questionable, since in the calculation of the E(X) XY , and analogously E(Y) XY , excitations from occupied orbitals of X to the occupied orbitals of Y are allowed and may lead to a spurious overcorrection. The occupied orbitals of Y are not accessible for electrons of X in the supermolecule calculation. Attempts to utilize only the virtual spaces of X and Y have led to discouraging results. 57 However, recently the BSSE correction at the correlated level has been performed to study the hydrogen bonding. 34 The resulting values are presented in Table   TABLE 5 : Hydrogen-Bond Geometrical Parameters, Charge Density (G(r)) and the Laplacian of the Charge Density (∇ 2 G(r)) for the UHP Complexes (Structures 1-6), at the MP2(full)/6-31G(2d,p)//MP2(full)/6-31G(2d,p) Figure 1 . XY 1, remaining in the same magnitude order of the binding energy, corroborating the necessity of this correction. All the complexes investigated yielded attractive corrected binding energies, with values of around -10.5 kcal mol -1 for the most stable structures (i.e., structure 5). This result was compatible with a mediumto-strong strength contribution for a hydrogen bond. As pointed out above, the nature of the stationary points was tested with the frequency calculations, giving real frequencies for all the structures. The numerical results obtained at the B3LYP/6-31G(2d,p)//B3LYP/6-31G(2d,p) level are presented in Table 6 , also including the corresponding monomers (urea and hydrogen peroxide) for comparison.
BSSE ) E(X) X -E(X) XY + E(Y) Y -E(Y)

Conclusions
Five new UHP cyclic complexes were characterized in addition to the experimental complex (structure 1) by the ab initio MP2 and DFT methods, and the results indicated that all the structures corresponded to the true minima stationary points. The DFT methods showed good agreement in reproducing the geometrical parameters and the energetics compared to the MP2 and the experimental results. Moreover, the BSSE obtained with the DFT methods (ca. 5 kcal mol -1 ) was similar to the MP2 values; hence, the BSSE correction was required to obtain accurate binding energies. All the theoretical results designated the structures 5 and 6 (bonded to the carbonylic oxygen of urea) as the most stable ones. The existence of the structure 1 in the solid state was explained by means of the packing forces, the larger dipolar moment, and the presence of additional hydrogen bonds.
